We describe a modified Agrobacterium-mediated method for the efficient transformation of Agaricus bisporus. Salient features of this procedure include cocultivation of Agrobacterium and fruiting body gill tissue and use of a vector with a homologous promoter. This method offers new prospects for the genetic manipulation of this commercially important mushroom species.
AGGTCCGC-3Ј) and gpd-RK (5Ј-CAGGTACCGGCGATA AGCTTGTTGTG) or primers gpd-FH and gpd-RC (5Ј-CAA TCGATGGCGATAAGCTTGTTGTG).
Our binary plasmid vector (9.6 kb), designated pBGgHg, consisted of a pCAMBIA1300 backbone containing the hph and EGFP genes, each of which was joined to the CaMV 35S terminator and controlled by the gpd promoter from A. bisporus ( Fig. 1) . In order to construct vector pBGgHg, intermediate plasmid pEGFP.g was generated by excising the CaMV 35S promoter from PE2113-EGFP with HindIII and KpnI and inserting the gpd promoter sequence obtained by PCR amplification with primers gpd-FH and gpd-RK containing HindIII and KpnI restriction sites, respectively. Intermediate plasmid pHph.g was designed from PCSN44 by excision of the trpC promoter with HindIII and ClaI and blunt-end ligation to the gpd promoter derived by PCR amplification with primers gpd-FH and gpd-RC. Intermediate plasmid pBHg was made by digesting pCAMBIA1300 with BstXI and XhoI to remove the hph gene and the CaMV 35S promoter and inserting by bluntend ligation the hph gene and the gpd promoter, which was excised from pHph.g using BamHI. Finally, pBGgHg was constructed by excising the EGFP gene with the gpd promoter from pEGFP.g using EcoRI and HindIII and inserting this fragment by blunt-end ligation at the BamHI site in pBHg.
Southern blot analysis was carried out with a 32 P-labeled ϳ1-kb fragment of the hph gene as a probe and SacI-digested genomic DNA. SacI does not cut within the hph gene. PCR analysis was done (4) using primers gpd-FH and hph-R (5Ј-GGCGACCTCGTATTGGGAATC-3Ј), which defined an ϳ970-bp sequence spanning the gpd promoter and the hph gene.
Aside from the aforementioned modifications with regard to the plasmid vector, we used the agro-transformation procedure of Bundock et al. (1) as extended by De Groot et al. (7) , except that fruiting body tissue instead of basidiospores was cocultivated with A. tumefaciens. This appears to have a major impact on transformation efficiency. We selected fruiting bodies that were near maturity but without exposed gills. Using a scalpel, the veil was cut from the fruiting body and the exposed gill tissue was aseptically excised and sectioned into 2 to 5-mm square pieces.
For transformation experiments, Agrobacterium was grown in 5 ml of minimal medium containing kanamycin at 50 g/ml for 2 days at 28°C. One milliliter of the fresh culture was transferred to 100 ml of minimal medium with kanamycin and grown overnight at 28°C to an optical density at 600 nm of 0.5 to 0.8. Bacteria were collected by centrifugation and resuspended in induction medium containing 200 M acetosyrin-gone to an optical density at 600 nm of 0.5. In order to preinduce the virulence of A. tumefaciens, the bacterial suspension was incubated for 3 to 6 h at room temperature with gyratory shaking at 100 rpm. Fruiting body gill tissue pieces were vacuum infiltrated with the suspension of induced bacteria until the air had been completely purged. The evacuated tissue was transferred to a piece of sterile 3MM Whatman filter paper overlaid on cocultivation medium and incubated for 3 days at room temperature. Tissue pieces were transferred to selection medium (SM) containing hygromycin at 30 g/ml and maintained at room temperature. For final selection, colonies growing from the tissue pieces were transferred to SM containing hygromycin at 50 g/ml. Each experiment included a nontransformed control consisting of either tissue pieces that were vacuum infiltrated with induction medium alone or infiltrated with noninduced bacteria.
Hygromycin-resistant colonies appeared at the margins of the tissue pieces after 9 to 14 days on SM with hygromycin at 30 g/ml (Fig. 2) . Our optimal protocol typically provided 30 to 40% efficiency of transformation (percentage of tissue pieces regenerating colonies on hygromycin medium). This is an order of magnitude higher than the floral dip agro-transformation procedure for Arabidopsis thaliana (6) and 7 orders of magnitude higher (i.e., ϳ0.00003%) than the reported agrotransformation method for A. bisporus using basidiospores (7) . The lower efficiency of the previous A. bisporus protocol was probably due to the inherently low germination rate of the spores and the use of a heterologous promoter. Our procedure offers higher effective efficiency and greater convenience than the original method and is more expeditious considering the time expended in spore printing and the several weeks required for spore germination and selection.
The choice of promoter, strain of A. tumefaciens, and type of fruiting body tissue were critical for optimal transformation efficiency. In two experiments comparing various promoter constructs with the hph gene, the A. bisporus gpd, A. nidulans trpC, and CaMV 35S promoters provided average transformation efficiencies of 15, 1, and 0%, respectively. Of the three bacterial strains examined, AGL-1 and EHA105, but not GV3850, transformed A. bisporus, each averaging ϳ23% efficiency in two experiments. Also, in a replicated experiment, higher efficiencies were obtained with gill tissue (64%) than with the fleshy tissue derived from the fruiting body cap and stem (9%). Our standard protocol entailed the use of plasmid vector pBGgHg, bacterial strain AGL-1, and gill tissue.
Southern blot analyses confirmed that the hph gene was integrated into the genome of A. bisporus (Fig. 3) . We detected no false positives by Southern blot analysis or PCR amplification (Fig. 4) Southern blot analysis established that the EGFP gene also was incorporated into the genome, but we were not able to confirm GFP fluorescence in an examination of three transformants. With the available data, we cannot draw conclusions about the expression of this transgene in A. bisporus but note that it has been problematic in other organisms owing to aberrant mRNA processing (9) and codon preference (15, 19) .
We can regenerate transgenic vegetative cultures in less than 2 weeks and produce mature fruiting bodies 8 weeks later under controlled environmental conditions. We have cropped 30 hygromycin-resistant transgenic mushroom lines, and all have borne fruiting bodies. After final selection for several weeks with hygromycin at 50 g/ml, we typically maintained hygromycin-resistant cultures for weeks to months on a medium without antibiotic selection. For cropping trials, these cultures were grown without selection for an additional 8 weeks on rye grain, compost, and peat. The antibiotic resistance trait was stably maintained to the extent that it was expressed by the developing fruiting bodies and basidiospores (Fig. 5) . In one study, all of the tissue pieces sampled from 120 randomly selected fruiting bodies representing six transgenic lines were found to inherit the trait as determined by antibiotic selection.
Classical breeding of A. bisporus has been difficult, relating primarily to the predominantly secondarily homothallic life cycle of this fungus (11) . Therefore, it is not surprising that the cultivated strains display extremely limited genetic variation (10). The transformation technique described herein provides a practical method for using transgenic technology in the genetic improvement of this commercially important mushroom and represents an important tool for the molecular genetic analysis of biological processes in this species.
We are grateful to Cheng Lu and Qing Shen for technical assistance. This research was supported in part by a grant from Sylvan Inc. FIG. 3 . Southern blot analysis of DNA isolated from putative hygromycinresistant transformants of A. bisporus. Genomic DNA (5 to 10 g) was isolated from broth cultures, digested with SacI, and probed with an ϳ1-kb 32 P-labeled hph gene sequence. Lanes: 1 to 6, DNA isolated from putative transformants AT1 to AT6, respectively; 7, DNA isolated from nontransformed A. bisporus. The positions of molecular DNA size markers (kilobases) are shown on the right .   FIG. 4 . PCR analysis of DNA isolated from putative hygromycin-resistant transformants of A. bisporus. PCR amplification was carried out on genomic DNA using primers (gpd-FH and hph-R) defining an ϳ970-bp sequence spanning the A. bisporus gpd promoter and the hph gene. Lanes: 1 to 10, DNA isolated from putative transformants AT3, AT4, AT9, AT10, AT11, AT12, AT16, AT19, AT24, and AT31, respectively; 11, negative control with water; 12, DNA isolated from nontransformed A. bisporus; 13, positive control with vector pBGgHg; M, DNA molecular size markers (kilobases).
FIG. 5.
Expression of the hygromycin resistance trait in first-generation basidiospores produced from transgenic cultures of A. bisporus. Basidiospores from two transgenic lines (AT3 and AT6) and the nontransformed parental strain (NP) were plated on SM with hygromycin at 50 g/ml. The viability of the basidiospores of the parental strain was established on SM without antibiotic (data not shown).
